Abstract -Multiple input multiple output (MIMO) systems promise better performance and significant increases in the channel capacity by utilizing rich scattering environment to obtain diversity gain and spatial multiplexing. Maximum system capacity and performance can be achieved if the instantaneous channel state information (CSI) is known at both sides of the transmission link. In order to have such improvements, the CSI at both link ends must be updated timely. However, the updating process is always subject to non-ideality. In this paper we investigate the effect of delay in updating CSI on the MIMO spectral efficiency and performance with system capacity and BER as benchmarks.
INTRODUCTION
Recently MIMO technique where both the transmitter and the receiver are equipped multi antennas has emerged as a cure for the problematic short-term multipath fading. In the MlMO technique, we do not try to repair the multipath fading channel, however we try to utilize multipath richness environment in the smart way such that the received signal in probability cannot be in deep fade. The reliability and spectral efficiency of the wireless communication are therefore substantially improved. It could be fairly easy to get antenna diversity and spatial multiplexing at the receiver as the channel state can be updated using available sounding technique. However, having these at the transmit side is cumbersome in case the channel is not reciprocal i.e. in FDD scheme. In order to make full use of antenna diversity at the transmit side the channel information must be sent back from the receive side. Thereby, the updated CSI is subject to non-idealities such as channel estimation errors and feedback
In this work one dominant aspect of the non-idealities of the CSI in the feedback scheme, namely the feedback delay, will be investigated. The effect of the feedback delay to MlMO system's theoretical capacity and performance is addressed. To highlight this effect, other errors in the estimation of the CSI will be ignored. We show that when the CSI is not updated timely the orthogonality of the parallel channels no longer holds true. As a result, the signal power of one channel leaks to the others causing interference. These interferences increase linearly with the transmitted power leading to degradation of channel capacity and average BER at high SNR values.
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0-7803-8523-3/041%20.00 02004 IEEE The rest of this paper is organized as follows. Firstly the channel model is outlined in section 11. Next, two models namely the Markov chain model and the scattering model for modelling the channel state evolution are presented in section Ill. In section IV the theoretical capacity of MIMO system at the presence of feedback delay is derived. A practical figure of merit, the average BER is used to estimate the system performance's degradation under the effect of feedback delay is investigated in section V. Monte Carlo simulation to justify the analytical results is also briefly described in this section. Finally conclusion is made in section VI. where (.)T denotes transpose operator. The realization of K parallel channels is achieved by processing significant uncorrelated multi-path components stemming from the environment's scattering richness. To study in more detail the realization of these parallel channels the discrete time base-band interpretation of a single transmitted vector of symbols is preferred. In the base-band, it is assumed that the frequency synchronization and sampling are perfectly achieved. The received vector of symbols will have the form
By using the weight vectors U H at the transmit side and weight vectors 1' at the receive side the received vector of symbols becomes
The noise matrix Nnoise of size (l,NT) after being weighted has unchanged variance since the U matrix is unitary. This equation implies that the power put into K parallel channels will be amplified by the eigenvalues; power put into channel(s) which have index larger than K will be lost.
FEEDBACK DELAY MODEL
In the ideal case i.e. when we have TDD system with reciprocal and quasi-stationary channel, the CSI can be obtained timely at both ends. The channel matrix H can be diagonalized and we can transmit K independent channels. However, in the FDD system the transmitted and received signal will be influenced by independent fading. In order to have knowledge of the CSi at both ends the measured values must be sent back and forth (figure 1). Under the limitation of overhead, processing and updating time the CSI is subject to delay. For simplicity we assume that CSI will be updated after two consecutive frames and the delay time will be twice the time of transmitting one frame plus the processing time. It should be noted here that non-ideal updating of the CSI could also occur in the TDD system when the updating time is larger than the coherent time of the channel. The feedback delay model presented above can easily be extended for this case.
A . Markov chain model
In the MIMO system, the feedback delay causes the weight vectors at both sides to be out of date. It means that the orthogonality of K channels cannot be guaranteed as the channel has changed by the time the weight vectors are applied. In order to investigate the influence of feedback delay, it is necessary to build a channel state evolution model. In [3], Jakes proposed a model for a time selective narrowband channel which is interpreted by the channel state correlation coefficient p as
where E(.) denotes the expectation operator, J,(.) is the zero order Bessel function of the first kind, fd is the maximum Doppler frequency, t is the delay time and uzcnF is the variance of the channel coefficient which is equal to one in our case. Although this model provides us information on to what extent the two channel coefficients are correlated, the channel is not easy to be tracked [4] . Therefore we need a model capable of describing the evolution in time of the channel. In [6] a simple Markov chain models the channel state evolution is presented where the current channel coefficient is rclated to the past channel coefficient as
where enln, -CN(0,l) and with oitn,.=l the equation is reduced to hn,n7(to + C = p/tntn7(t0) +
(7)
This model allows us to track the channel state given the knowledge of the past. The channel state matrix at time t+t, can be predicted based on the channel matrix at time to as (8) Here E is the NtxN, matrix with CN(0,l) components.
In the presence of feedback delay, the channel state matrix H(t,) will be diagonalized and the U H and V weights matrices are applied when the actual channel state matrix has changed to H ( t , + t ) . The actual received signals are described by
From this equation it is clear that the orthogonality of the channels no longer holds true. The received signal of one channel is not its own amplified signal as in the ideal case but combined by the signals of other channels. In [7] Telatar showed that if U H and V are two unitary matrices of sire NtxNt and N,xN, respectively the distribution of U H E V will be the same as that of E. Hence the product of these three matrices is another matrix of size NtxN, with CN(0,I)) components. We denote this matrix as Q. Equation (9) can be rewritten as
Expressing this equation in component-wise and considering the kth received signal (1 5 k 5 K ) we get
Since X k is independent and normally has zero mean, the mean received power of channel kth in the presence of feedback delay can be expressed as (1 ~ p') E'=" ,#k.%=I %Iqzk12 + .,' ,,,,, Although this model also allows us to track the channel state, based on the model it may be difficult to derive a closed form of the average SMR. Hence, the model lacks of explanation why feedback delay effect degrades the system's theoretical capacity and performance. Nevertheless, it can act as reference to verify the results obtained from the Markov chain model described in the previous section.
Iv. MIMO CAPACITY WITH FEEDBACK DELAY
It is well known that the capacity of MIMO system when the transmit side does not have knowledge of the CSI is achieved by putting equal power into the channels With the advantage of having CSI at the transmit side the eigenvalues correspond to gain of channels can be obtained by SVD technique. Under the constraint of the total transmitted power, based on the eigenvalues, water-filling method is normally used to get the maximal achievable capacity. The essence of the water-filling algorithm is that it will distribute more power to the channel with high gain (i.e. large eigenvalue) and less power. even skipping transmission on the channels with lower gain. Therefore, the MIMO channel capacity with CSI knowledge at both sides is maximized, that is The influence of feedback delay is shown for three system configurations symmetric 4x4 and asymmetric 6x4, 8x4 to highlight the differences in the eigenvalue distributions. The average system capacities aTe plotted as a function of the SNR values. In those figures the curves with straight lines represent the capacity estimated by the Markov chain model, curves represented by symbols show the capacity estimated by the scattering model. These curves are overlapped each other indicating a good agreement in the results obtained from the two models. These figures also illustrate a reduction in system capacity at higher values of the Doppler frequency and delay time. For given fdt value, the effect of feedback delay can lead to a situation where the capacity of the MIMO system with perfect CSI at receiver only outperform that of the system with delayed CSI at both sides.
v. MIMO'S PERFORMANCE WITH FEEDBACK DELAY
Once the performance of MlMO system is focused other than the capacity, the signal of a diversity system must be processed to have strong impact on the BER other than the spectral efficiency. It is an advantage to have the CSI at the transmit side as from that information we can improve the performance of the system optimally. However, nonideal updating of CSI deviates the system performance from the perfect case. Therefore it is of interest to investigate the degradation of the system performance in the non-ideal situation. Here, the BER is used as a means to estimate the degradation of the MIMO system's performance under influence of feedback delay.
A. Analytical results
We restrict ourselves to the narrowband MIMO and the performance degradation assessment will be based on BPSK Fig. 2 . Capacity of several MlMO system setup with and without feedback delay modulation scheme. As mentioned in section 11, having CSI at both sides it is possible to transmit up to K parallel channels. However, because of the differences in the eigenvalues, equally distributed power is not an optimum solution. Instead, the total transmitted power must be distributed optimally to get overall improvement in the average BER. The essence ofthe algorithm can be interpreted as an inverse water filling procedure. In that more transmitted power is put into the weak channels (i.e. low eigenvalues) to reduce the average BER.
Basically for certain SNR the BER of individual M-QAM or M-PSK channel is known. By using Chemoff bound and Gallager's multiplier we can derive a solution to obtain the best performance in terms of BER. It can he shown that the overall BER of the particular system using BPSK modulation will he minimized if the distributed power is satisfied (detail derivation presented in the appendix)
The average BER of the ideal system can he expressed as k=l where SNRk = -/k, T is the number of used channel (1 5 T 5 K). When there is feedback delay, the received signal will be disturbed not only by the noise but also by the signals of other channels. The average BER of such system can he approximated as
The numerical results o f average BER for 4x4 and 6x4 and 8x4 cases are presented in figure 3 . As shown in this figure, with the ideal CSI at both link ends for BER of the required SNR of the equal power scheme is up to 5dB more than that of distributed power scheme. Besides, the average BER(s) reduces (so that the performance increases) in the order of 4x4, 6x4, 8x4 system setup. The relation between transmitting-receiving antenna setup and distribution of eigenvalues (i.e. more asymmetric meaning more even distribution of eigenvalues) is the main reason for these increments in system's performance. Like the results in the investigation of the system capacity, the performance of the MIMO system under the impact of feedback delay also degrades at high SNR values. It can he explained by the fact that when the transmitted power is increased, the power distributed into each channel is increased as well. Consequently, more interfered power will be generated. Therefore, the SINR of individual channel decreases toward a constant value and the overall BER approaches a BER floor.
B. Monte Carlo simulation
To justify the analytical results, Monte Carlo simulation for the three system setups 4x4, 6x4 and 8x4 are made. The results are shown in figure 4 . Comparisons of the analysis and simulation results are shown in the same figure. Transmitted data used in the simulations are random. They are detected at the receive side by maximum likelihood detection method. In general, the average BER obtained from the approximation of SINR are quite in line with that from Monte Carlo simulation. The differences could be attributed to the approximation of the average SINR where the interferences from other channels are replaced by Gaussian noise source of the same power. Following the Gallager's multiplier procedure, the problem now is to find set of y so that the P,,,,,.,,,,,,, is minimized. Since K is constant, it is equal to finding a set of y to minimize the sum 
